The relationship between local growth kinetics and atomic structure, obtained through in situ measurements during GaP nanowire growth over a range of parameters, provides insights into understanding the growth mechanism and the requirements for the most precise control over growth. A high V/III ratio is commonly used, but we find local variations in growth rate by as much as a factor of 4. These variations appear to be correlated with changes in the crystal structure associated with twin defects, and we suggest that changes in sidewall configuration are an important factor. The key implication is that the growth rate is very sensitive to perturbations, and such sensitivity must be suppressed to achieve the ultimate control over structure. We find that this sensitivity is absent when growing at low V/III ratios, creating a highly regular regime that may be optimal for growth of complex materials that include features such as narrow quantum wells or arrays of identical nanowires. We can explain the differences between regimes by considering the asymmetry in the pathways by which the two species arrive at the growth front. We expect our conclusions to apply to other III-V nanowire materials such as GaAs, InAs, and InP. The assumptions underlying the model (surface diffusion, evaporation, and solubility in Au) are common for a range of V and III species. In addition, the crystal structure and defect formation in all four materials are affected in the same way by V/III ratio (30), suggesting that the effects controlling crystal structure must be general.
23. H. J. Joyce, J. Wong-Leung, Q. Gao, H. H. Tan, C. Jagadish, Nano Lett. 10, 908-915 (2010 Methane hydrate is an icelike substance that is stable at high pressure and low temperature in continental margin sediments. Since the discovery of a large number of gas flares at the landward termination of the gas hydrate stability zone off Svalbard, there has been concern that warming bottom waters have started to dissociate large amounts of gas hydrate and that the resulting methane release may possibly accelerate global warming. Here, we corroborate that hydrates play a role in the observed seepage of gas, but we present evidence that seepage off Svalbard has been ongoing for at least 3000 years and that seasonal fluctuations of 1°to 2°C in the bottom-water temperature cause periodic gas hydrate formation and dissociation, which focus seepage at the observed sites.
L arge quantities of methane, a powerful greenhouse gas, are present in the continental margin west off Svalbard, where they are stored as marine gas hydrate (1-3). Because hydrate stability is temperature-dependent, Arctic warming is a potentially major threat to both the environment and the global economy. If even a fraction of the methane contained in Arctic hydrates were released to the atmosphere, the effect on climate could be dramatic (4, 5).
Water-column temperature measurements and mooring data suggest a 1°C bottom-water temperature warming for the past 30 years (6, 7) . Numerical modeling of hydrate stability predicts that such warming would result in the dissociation of hydrates in the shallowest sediments (6) (7) (8) (9) . Therefore, the discovery of numerous gas flaresthat is, trains of gas bubbles in the water column precisely at the water depth where gas hydrate is expected to dissociate-was interpreted as the onset of submarine Arctic gas hydrate dissociation in response to global warming, which may potentially lead to large-scale escape of methane into the water column and ultimately into the atmosphere (6) . In order to assess the consequences of methane venting on ocean and atmosphere composition, it is necessary to establish how the rates of methane emissions from hydrate systems change through time (10) .
The margin of Svalbard ( Fig. 1 ) can be considered a model system to study a temperaturerelated gas hydrate destabilization scenario, because water temperature in the Fram Strait oceanographic gateway will be more affected by changes in global atmospheric temperature than elsewhere in the Arctic; therefore, any corresponding changes to a hydrate system should be easier to observe here than elsewhere (11) . The continental margin of Svalbard is characterized by abundant contourite deposits (12) that consist of fine-grained sediments with high water content, which cover most of the margin between water depths of 800 and 3000 m. It is likely that these contourites are underlain by Miocene sediments with 3% (by weight) of total organic carbon as found at Ocean Drilling Project site 909 (13) and that the emanating gas was produced by these sediments. Proximally, that is, shallower than 700-to 800-m water depth, Pleistocene and Pliocene highly heterogeneous, terrigeneous glacial deposits overlie the contourites (14, 15) . In the glacial deposits, there is only limited evidence for free gas and no clear geophysical evidence for gas hydrate, such as a bottom simulating reflector. Yet, seismic evidence for gas hydrate occurrence is conclusive for the contourite deposits farther west (16), where gas hydrate has also been sampled at a vent site in~900-m water depth (17) . Several oceanographic expeditions were able to corroborate the location of the gas flares discovered in 2008. During the MSM21/4 survey in August 2012, we collected a series of PARASOUND 18-kHz parametric echosounder profiles with 40-m spacing around the site of the MASOX (Monitoring Arctic Seafloor-Ocean Exchange) observatory ( Fig. 1 ). An~40-m footprint of the PARASOUND system at 390-m water depth allowed us to obtain a complete coverage of the flare locations within the area of this survey, which means these data were no longer biased by selection of ship tracks as in previous surveys. Our results show that the gas flares align between 380-and 400-m water depths, which corresponds to the upper limit of the gas hydrate stability zone (GHSZ) considering present-day bottom-water temperature of around 3°C (16) . Geological structures that may focus gas from deeper parts of the plumbing system are absent (16) . Thus, we interpret this match of gas flare origination depth and the calculated landward termination of the gas hydrate stability zone in the sediments as strong circumstantial evidence for a link between gas hydrate dynamics and gas seepage. At the gas flares, substantial amounts of methane are liberated into the water column, leading to bottom-water CH 4 concentrations of up to 825 nM and a net flux of methane to the atmosphere (18) .
One objective of this study was to deduce a minimum age for the onset of marine methane release from the sea floor. For detailed sampling of the gas seeps, we carried out 10 dives with the manned submersible JAGO. Our observations substantiate the presence of more than 5-m-wide and typically more than 20-to 40-cm-thick outcropping Fig. 1 . The Svalbard gas hydrate province is located on the western margin of the Svalbard archipelago (inset). At water depths shallower than 398 m, numerous gas flares have been observed in the water column (color-coded dots for different surveys) by using EK60 echo sounders and high-resolution side scan sonar. The gas flares are located between the contour lines at which gas hydrate is stable in the subsurface at 3°(brown) and 2°(blue) C average bottomwatertemperature.Theblack lines show the location of PARASOUND profiles with 40-m separation, that is, complete coverage, for flare mapping. The black arrows point to the location of submarine dives discussed in the text. The red line shows the location of the modeling transect (bold section shown in Fig. 3) . The large cluster of seeps at the northern limit of the gas flare line at a water depth of 240 to 260 m can be explained by the presence of an elsewhere-absent glacial debris flow deposit that is deviating gas laterally within the prograding debris flow deposits and cannot have anything to do with gas hydrate dynamics (16, 23) . CTD, conductivity, temperature, and depth. (Fig. 2) sites; small carbonate nodules at the MASOX site (395 m) were found in gravity cores. We analyzed carbonates from the HyBIS and the MASOX site. The mineralogical composition of the carbonates was heterogeneous and admixed with high amounts of detrital silicates. They were characterized by low d
13
C isotope values between -27.1 and -41.4 per mil (‰) Vienna pee dee belemnite (V-PDB) (17) . Consequently, these carbonates can be regarded as an archive of microbially induced, methanerelated authigenic precipitation processes (19) . The most reliable single-age data were obtained from aragonite-dominated surface samples. U/Th isotope measurements and resulting minimum seepage age for the MASOX site imply that significant methane-related precipitation was already occurring at 3000 years before the present (yr B.P.) (18) . For comparison, the derived ages for the HyBIS site are overlapping or older, for example, sample SV-2 (8200 T 500 yr B.P.) or sample SV-3 (4600 T 500 yr B.P.). The youngest isochronbased age of~500 yr B.P. was deduced from carbonates that were found in sediments at the MASOX site at 40-to 50-cm depth below the sea floor. Because of changes in the path of methanebearing fluids, inclusion of impurities, and alteration of sample material, it was not possible to decipher potential on/off stages or chemical variation of the seeping fluids beyond the results presented in this paper. Hence, it is possible that seepage strength and transport of methane from the sediment to the water column and atmosphere varied over time.
We propose that carbonate formation in this area continues until today, because surface sediments (0-to 10-cm depth below sea floor) at gas vents at both the HyBIS and the MASOX sites were characterized by high rates of anaerobic oxidation of methane (AOM; maximum of 11.3 mmol CH 4 cm
), which is the driver for carbonate precipitation at methane seeps (19) . AOM correlated with high concentrations of methane (max 14,800 nM), sulfide (maximum of 11,000 nM), and total alkalinity (maximum of 29 meq l −1 ) in the sediment. Chemosynthetic communities (sulfur bacteria mats and frenulate tubeworms) were present at both sites (18) .
Observations of old carbonate crusts imply that seepage must have been ongoing at all three sites for more than 500 years. Detailed paleoceanographic reconstructions for the Svalbard area (11) show a pronounced warming since the end of the 19th century. However, even this 100-year time span seems too short to explain the observed thicknesses. The ages of the recovered carbonate crusts, which are all significantly older than 100 years, support this conclusion. Thus, it is unlikely that an anthropogenic decadal-scale bottom-water temperature rise is the primary reason for the origin of the observed gas flares, although this temperature rise may contribute to keeping gas pathways open longer and further.
During the cruise, we recovered the MASOX observatory, which had been deployed twice for a total of 22 months within a cluster of flares between 390-and 400-m water depth. The observatory contained a bottom-water temperature sensor sampling every 15 min during both deployments. The recorded time series revealed fluctuations of bottom-water temperature between 0.6°and 4.9°C, with lowest temperatures between April and June and highest temperatures between November and March (Fig. 3) . In both years, the temperature difference between spring and fall/winter was around 1.5°C, but during the second year the average bottom-water temperature was generally about 0.5°h igher than that recorded during the first deployment. The time series implies that there is a strong seasonal change of sea floor temperature.
In order to obtain better constraints on the heat exchange between the sediment and the bottom water, we conducted in situ sediment temperature and thermal conductivity measurements by using a 6-m-long heat flow probe along transects down the slope. Between 500-and 360-m water depths, our measurements revealed a landward increase in thermal conductivity from 1.5 to 2.6 W m
, with a maximum around the position of the MASOX observatory. High sediment thermal conductivity, large temporal variability in bottom-water temperature, and possibly formation and dissociation of gas hydrates resulted in very irregular sediment temperature profiles, which made it difficult to determine the heat flow along the transect line from our data. On the basis of our measurements at 500-m water depth, we estimate the regional heat flow to be around 0.05 W m −2
. Given the comprehensive evidence for seepage, this value is likely modulated by convective heat transport.
On the basis of the recorded bottom-water temperature time series and the acquired thermal conductivity data, we developed a two-dimensional model of the evolution of the GHSZ along the transect line. As illustrated in Fig. 3 , the seasonal changes in bottom water temperature are accompanied by large lateral shifts of the GHSZ at least within the top 5 m of surface sediments. During the cycle of a year in which bottom-water temperature varies as observed in 2011 and 2012, the volume of the GHSZ varied between a maximum Driven by changes in bottom-water temperature, the GHSZ advances and retreats in the course of the year. The solid red lines and the dashed blue lines indicate maximum and minimum extents of the GHSZ, respectively. The area in which gas hydrates are stable in the long-term is shaded in yellow. The difference between maximum and minimum extents of the hydrate stability zone is shaded in orange and corresponds to the seasonal GHSZ, in which gas hydrate dissociation and formation alternate periodically. The triangles filled in magenta represent the projected locations of all flares detected within 1000 m of the transect line. The green diamond shows the position of the MASOX observatory. An animated illustration of the modeling results is provided in the supplementary materials.
value in summer and a minimum value in winter. During the time period covered by our measurements, the GHSZ was at its maximum in June 2011, when it extended to a 360-m water depth. Increasing bottom-water temperatures from June until December were accompanied by a retreat of the GHSZ at the seafloor to more than 410-m water depth. In the subsurface, the GHSZ retreated further until it reached its minimum in March 2012.
The modeling shows that persistent supply of dissolved methane from below the GHSZ in this section of the slope would lead to the formation of hydrate from winter until summer. The newly formed hydrate would dissociate again during the second half of the year and thus augment methane emissions from the seabed both by opening pathways to gas ascending from underneath and by releasing gas from the hydrate phase. The total volume of sediment that was affected by seasonal shifts of the GHSZ amounted to between 3000 and 5000 m 3 per meter of the margin. Assuming a gas hydrate concentration of 5% of the pore space and a porosity of 50%, the seasonal GHSZ has the potential to periodically store and release between 9 and 15 tons of CH 4 per meter of the margin. However, these amounts represent the upper limits of the seasonal buffering capacity, because the latent heat of hydrate kinetics was not included in the simulation. Depending on the concentration and distribution of gas hydrates in the sediment, alternating formation and dissociation would dampen the oscillation of the GHSZ and thus reduce its volume.
Although the modeling shows that seasonal bottom-water temperature variations are capable of modulating the observed gas emissions, we found no direct evidence in the heat flow data that would suggest that the slope sediments experienced decadal-scale warming. The combined data demonstrate that hydrate is playing a fundamental role in modulating gas seeps between 380-and 400-m water depth at the upper limit of the GHSZ, whereas ascending gas would be trapped or deviated up along the base of the GHSZ further seaward. Long-term variations in seepage may exist, but presently available data are insufficient to document annual, decadal, or centennial changes in seepage. Our data suggest that shallow hydrate accumulations are sensitive to bottomwater temperature changes and therefore that significant anthropogenic warming will affect the shallow parts of the hydrate system. This sensitivity demonstrates the need for quantifying the total amount of gas hydrate in the shallowest part of the gas hydrate stability zone if climate feedback mechanisms are to be assessed beyond simple global models (20, 21) . Our observations show that methane seepage west off Svalbard has been ongoing for much longer than anthropogenic warming. Therefore, observations of large contemporary emissions reported in other studies cannot be considered proof of accelerating hydrate destabilization, although neither do they prove that catastrophic destabilization is not accelerating. Felix Wäckers, 6 Jocelyn G. Millar, 3 Tom Wenseleers 1 † A major evolutionary transition to eusociality with reproductive division of labor between queens and workers has arisen independently at least 10 times in the ants, bees, and wasps. Pheromones produced by queens are thought to play a key role in regulating this complex social system, but their evolutionary history remains unknown. Here, we identify the first sterility-inducing queen pheromones in a wasp, bumblebee, and desert ant and synthesize existing data on compounds that characterize female fecundity in 64 species of social insects. Our results show that queen pheromones are strikingly conserved across at least three independent origins of eusociality, with wasps, ants, and some bees all appearing to use nonvolatile, saturated hydrocarbons to advertise fecundity and/or suppress worker reproduction. These results suggest that queen pheromones evolved from conserved signals of solitary ancestors.
E usocial insects exhibit a remarkable reproductive division of labor between queens and largely sterile workers. Mechanistically, pheromones emitted by the queen are thought to play a key role in suppressing worker reproduction (1). However, for most species, the identity of these pheromones remains unknown. In fact, decades of research have resulted in the successful identification of only a few, structurally unrelated, sterility-inducing queen pheromones in the domestic honeybee, Lasius ants, and one termite species (1) (2) (3) (4) (5) . This paucity of data is unfortunate, because insights into the evolution of queen pheromones could contribute greatly to our understanding of the evolution of sociality.
In the present study, we test whether a structurally related class of queen pheromones might be biologically active across three independently evolved eusocial lineages. We hypothesized that long-chain hydrocarbons, which recently have been found to act as queen pheromones in Lasius ants (3, 4) and which are thought to advertise fertility in diverse groups of social insects (6) (7) (8) (9) (10) , could play such a role. We searched for sterilityinducing queen pheromones in representative species of wasps, bees, and ants-namely, the common wasp, Vespula vulgaris; the buff-tailed bumblebee, Bombus terrestris; and the desert ant, Cataglyphis iberica. Candidate queen pheromones were selected by comparing the cuticular www.sciencemag.org SCIENCE VOL 343 17 JANUARY 2014
